Study of isotopic fractions and abundances of the neutron-capture
  elements in HD 175305 by Zhang, Jiang et al.
ar
X
iv
:1
01
0.
46
51
v1
  [
as
tro
-p
h.S
R]
  2
2 O
ct 
20
10
Mon. Not. R. Astron. Soc. 000, 1–6 (2009) Printed 1 June 2018 (MN LATEX style file v2.2)
Study of Isotopic Fractions and Abundances of the Neutron-capture
Elements in HD175305
Jiang Zhang1,2, Wenyuan Cui1 and Bo Zhang1⋆
1Department of Physics, Hebei Normal University, 113 Yuhua Dong Road, Shijiazhuang 050016, P.R.China
Hebei Advanced Thin Films Laboratory, shijiazhuang 050016
2School of Mathematics and Science, Shijiazhuang University of Economics, Shijiazhuang 050016, P.R.China
Received...; in original form...
ABSTRACT
The chemical abundances of the metal-poor stars are excellent information for setting new
constraints on models of galaxy chemical evolution at low metallicity. In this paper we present
an attempt to fit the elemental abundances observed in the bright, metal-poor giant HD 175305
and derive isotopic fractions using a parametric model. The observed abundances can be well
matched by the combined contributions from s- and r-processes material. The component
coefficients of the r- and s-processes are C1 = 3.220 and C3 = 1.134, respectively. The Sm
isotopic fraction in this star where the observed neutron-capture elements were produced is
predicted to be f152+154 = 0.582, which suggests that even though the r-process is dominantly
responsible for synthesis of the neutron-capture elements in early galaxy, the onset of the s-
process has already occurred at this metallicity of [Fe/H ] = −1.6.
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1 INTRODUCTION
The abundances of neutron-capture elements in metal-poor halo
stars are now providing important clues to the chemical evolution
and early history of the Galaxy. These elements are predominantly
produced through successive neutron-capture reactions in two pro-
cesses known as the rapid (r-) and the slow (s-) process (Burbidge
et al. 1957). The r-process is usually associated with the explosive
environment of Type II supernovae (SNeII), although this astro-
physical site has not been fully confirmed yet (Cowan et al. 1991,
Sneden et al. 2008). The s-process is further divided into two cat-
egories: the weak s-component and the main s-component. It is
well known that massive stars are the sites of the so-called weak
component of s-process nucleosynthesis, which is mainly respon-
sible for the production of lighter elements (Sr, Y, and Zr) (Lamb
et al. 1977; Raiteri et al. 1991, 1993; The et al. 2000). The main
s-process component is responsible for the production of the heav-
ier s-process elements (heavier than Ba). Observational evidence
and theoretical studies have identified the main s-process site in
low- to intermediate-mass (≈ 1.3 − 8M⊙) stars in the asymp-
totic giant branch (AGB) (Busso et al. 1999). The observations
in the ultra-metal-poor halo star CS 22892-052 revealed that the
abundances of the heavier (Z > 56) stable neutron-capture ele-
ments are in remarkable agreement with the scaled solar system
r-process pattern, called as “main r-process stars” (Sneden et al.
2003). More recent work (Sneden et al. 2009), utilizing updated ex-
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perimental atomic data to determine more accurate abundances, has
confirmed this agreement. However, some very metal-poor stars,
such as HD 122563 and HD 88609, have high abundance ratios of
light neutron-capture elements Sr, Y, and Zr, while their heavy ones
(e.g., Eu) are very deficient (Honda et al. 2007 ). Such objects pos-
sibly record the abundance patterns produced by another process
and are called as a “weak r-process” star (Izutani, Umeda, & Tom-
inaga 2009). Thus, two separate r-processes are required to explain
the elemental abundances in metal-poor stars .
The solar system heavy-nuclide abundance distribution has
been detected in most detail, so it is usually regarded as a standard
pattern, which is usually compared with the elemental abundances
in metal-poor stars. Cowan et al. (1996) measured abundances of
the r-process peak elements Os and Pt in the metal-poor halo star
HD 126238 ([Fe/H ] = −1.7) and found that neither the solar pure
r-process nor the total solar abundance can fit all of the observed
abundances of the heavy elements in this star. They obtained a bet-
ter fit by taking some fraction of s-process abundances and adding
it to the solar r-process distribution, which suggested that the on-
set of the s-process has already occurred at this metallicity. As the
abundances of the metal-poor halo stars can be used as a probe
of the conditions that existed early in the history of the Galaxy, it
is important and necessary to determine the relative contributions
from the individual neutron processes to the abundances of heavy
elements in metal-poor stars.
Additional evidence of the earliest Galactic neutron-capture
nucleosynthesis can be obtained by isotopic abundance determi-
nations of metal-poor stars (Sneden et al. 2002; Lambert & Al-
lende Prieto 2002; Aoki et al. 2003; Mashonkina & Zhao 2006;
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Kratz et al. 2007). Since the isotopic abundances can be directly
used to assess the relative s- and r-process contributions without
the smearing effect of multiple isotopes, they should be more fun-
damental indicators of neutron-capture nucleosynthesis. Recently,
Roederer et al. (2008) measured abundances and isotopic fractions
of neutron-capture elements in the metal-poor star HD 175305
([Fe/H ] = −1.6) and concluded that the observed Sm isotopic
fraction is consistent with r-process origin. However, they found
that a scaled solar system r-process pattern cannot fit not only Ba
and Eu abundance but also the Sm isotopic fraction measured from
the line at 4604.17 A˚. Clearly, the close examination of elemental
abundances and isotopic fraction in this object is very important for
a good understanding of the abundance pattern of neutron-capture
element in the metal-poor stars. These reasons motivated us to in-
vestigate the ratio of s- and r- processes in this star. It is interesting
to adopt the parametric model for metal-poor stars to study the rela-
tive contributions from the s- and r- processes that could reproduce
the observed abundance pattern found in this star. The parametric
model of metal-poor stars is described in Sect. 2. The calculated
results are presented in Sect. 3 in which we also discuss the char-
acteristics of the s- and r-process nucleosynthesis. Conclusions are
given in Sect. 4.
2 PARAMETRIC MODEL OF METAL-POOR STARS
Generally, the solar system nuclide abundance distribution serves
as the standard pattern or basis when investigating the abundance
distribution of neutron-capture elements. However, the observa-
tional studies have shown that the abundance patterns of heavy el-
ements in population II stars differ obviously from the solar (Spite
& Spite 1978; Gratton et al. 1994), and the same is true even for
population I stars (Woolf et al. 1995). Based on this idea, Zhang
et al. (1999) presented a model for calculating the abundances of
heavy elements in metal-poor stars. Their results showed that the
observed abundances of heavy elements of the sample of Gratton
& Sneden (1994) can be well matched by an abundance mix of the
solar r- and s-processes, especially for elements heavier than Ba.
We explored the origin of the heavy neutron-capture elements
(Z > 56) in HD 175305 by comparing the observed abundances
with predicted r- and s-process contributions. Since the weak r-
process that is responsible for the elements in the Sr-Ag range
would have to provide negligible contributions to Ba while the main
r-process is known to produce the heavy elements from Ba and be-
yond (Montes et al. 2007), we ignore the contributions of weak
r-process to heavier elements (Z > 56) in our calculations. The ith
element’s abundance in the star can be calculated as follows (Zhang
et al. 1999):
Ni(Z) = (C1Ni, r +C3Ni, s,main)10
[Fe/H], (1)
where Ni, r and Ni, s,main are the abundances of the ith element
produced by the r-process and the main s-process in solar material,
respectively. C1 and C3 are the component coefficients that corre-
spond to the relative contributions from the r-process and the main
s-process to the element abundances in metal-poor stars, respec-
tively. Here we choose the solar component coefficients as a stan-
dard and assume all of them are equal to 1, while the solar r- and
s-process abundances are adopted from Arlandini et al. (1999).The
La value in solar system is updated from O’Brien et al. (2003), and
the Hf value from Lawler et al. (2007).
Our goal is to find the parameters which best characterize the
observed data. The reduced χ2 is defined
χ2 =
∑ (Nobs −Ncal)2
(△Nobs)2(K −Kfree)
, (2)
where∆Nobs is the uncertainty on the observed abundance, K is
the number of elements used in the fit, and Kfree is the number
of free parameters varied in the fit. We then took linear combina-
tions of the solar s- and r-process abundances (adopting [Fe/H ] =
−1.6) exploring the full range of parameter space (i.e., considering
values from 0.0001 to 5.0000 times the solar s- and r-process abun-
dances). For each combination of s- and r-process abundances,we
compared the predicted abundance ratios with the observed abun-
dance ratios. The best fit between theoretical predictions and ob-
servational data correspond to the smallest value of χ2. For a good
fit the reduced χ2 should be a number that is not very far from 1,
which it means that χ2 should be of order unity. Based on equa-
tion (1), we carry out the calculation to fit the abundance profile
observed in HD 175305, in order to look for the minimum χ2 in
the two parameter space formed by C1, and C3.
3 RESULTS AND DISCUSSION
Using the observed data in HD 175305 (Roederer et al. 2008), the
model parameters can be obtained. The s- and r-processes compo-
nent coefficients of HD 175305 are C1 = 3.220, C3 = 1.134,
which implies that this star is not r-only star. Taking the values of
C1, and C3 into Eq. (1), the abundances of all the neutron-capture
elements in HD 175305 are obtained as listed in Table 1. Columns
(3), (4), and (5) of Table 1 give the abundances of the r-process
and main s-components, and the total abundances in this halo star
HD 175305, respectively. In columns (6) and (7), we list the r- and
s-process fractions to the total abundances. These numbers are use-
ful in understanding the relative dominance of two processes for a
given neutron-capture element in HD 175305.
The Ba and Eu abundances are useful for investigating contri-
butions of the s- and r-processes corresponding to those in metal-
poor stars. In the Sun, the elemental abundances of Ba and Eu con-
sist of significantly different combinations of s- and r-process iso-
tope contributions, with s:r ratios for Ba and Eu of 80 : 20 and
6 : 94, respectively (Arlandini et al. 1999). We explored the contri-
butions of s- and r-processes for these two elements in HD 175305.
In Table 1 we display the s-process fractions calculated from equa-
tion (1) for the sample star. Clearly, for the star listed in Table 1, the
s:r ratios for Ba and Eu are 58 : 42 and 2 : 98, which are smaller
than the ratios in the solar system, but the contributions from the
s-process is not negligible at all, especially for Ba. Because the
predictions are based on the observed abundances of the neutron-
capture elements and the solar abundances, both the measurement
errors of the stellar abundances and uncertainties of the solar abun-
dances must be involved in the predictions. The errors of predic-
tions resulting from the measurement errors of the ratios [eli/Fe]
can be calculated by our model; the mean error is about ±0.15 dex
in logε. In Fig. 1, the solid line is the predicted abundances curve,
and the two dotted lines show the error range of the predictions.
In order to facilitate the comparisons of the theoretical abundances
with the observations, the heavy element observed abundances are
marked by filled circles. The figure shows that the model predic-
tions for abundances starting with Ba fit well the observed data for
HD 175305. The curves produced by the model are consistent with
the observed abundances within the error limits (i.e.,χ2 = 0.774).
The agreement of the model results with the observations provides
strong support for the validity of the parametric model.
It was possible to isolate the contributions corresponding to
c© 2009 RAS, MNRAS 000, 1–6
3Table 1. The r- and s-processes elemental abundances of HD 175305
Element Z Nr Ns,main Ntotal r − fraction s− fraction
Ba 56 6.89E-02 9.33E-02 1.62E-01 0.425 0.575
La 57 9.71E-03 9.29E-03 1.90E-02 0.511 0.489
Ce 58 2.16E-02 2.46E-02 4.62E-02 0.467 0.533
Pr 59 6.93E-03 2.32E-03 9.25E-03 0.750 0.250
Nd 60 2.46E-02 1.31E-02 3.77E-02 0.653 0.347
Sm 62 1.41E-02 2.17E-03 1.63E-02 0.866 0.134
Eu 63 7.42E-03 1.60E-04 7.58E-03 0.979 0.021
Gd 64 2.26E-02 1.44E-03 2.40E-02 0.940 0.060
Tb 65 4.52E-03 1.24E-04 4.65E-03 0.973 0.027
Dy 66 2.71E-02 1.66E-03 2.87E-02 0.942 0.058
Ho 67 6.63E-03 1.98E-04 6.83E-03 0.971 0.029
Er 68 1.68E-02 1.21E-03 1.80E-02 0.933 0.067
Tm 69 2.65E-03 1.43E-04 2.80E-03 0.949 0.051
Yb 70 1.35E-02 2.09E-03 1.56E-02 0.866 0.134
Lu 71 2.38E-03 1.80E-04 2.56E-03 0.930 0.070
Hf 72 8.01E-03 2.16E-03 1.02E-02 0.787 0.213
Ta 73 9.87E-04 2.44E-04 1.23E-03 0.802 0.198
W 74 4.74E-03 2.11E-03 6.86E-03 0.692 0.308
Re 75 4.00E-03 1.38E-04 4.14E-03 0.967 0.033
Os 76 4.91E-02 1.80E-03 5.09E-02 0.965 0.035
Ir 77 5.27E-02 2.59E-04 5.30E-02 0.995 0.005
Pt 78 1.03E-01 1.95E-03 1.05E-01 0.981 0.019
Au 79 1.42E-02 3.10E-04 1.45E-02 0.979 0.021
Hg 80 1.07E-02 4.94E-03 1.56E-02 0.684 0.316
Ti 81 3.60E-03 3.97E-03 7.57E-03 0.475 0.525
Pb 82 5.03E-02 6.50E-02 1.15E-01 0.436 0.564
Bi 83 1.11E-02 2.01E-04 1.13E-02 0.982 0.018
NOTE.— logε(El)=logN(El)+1.54
the s- and r-processes for isotopes by our parametric model, which
provide the knowledge of the isotopic composition of the neutron-
capture elements. In the recent studies, the usefulness of Sm, as
a diagnostic tool, is presented to indicate the relative contribution
of r- versus s-process material (Lundqvist et al. 2007). Roederer
et al. (2008) measured isotopic fractions of three neutron-capture
elements including Sm in the metal-poor star HD 175305. The Nd,
Sm and Eu isotopic fractions are defined by
f142+144 =
N(142Nd) +N(144Nd)
N(Nd)
f152+154 =
N(152Sm) +N(154Sm)
N(Sm)
f151 =
N(151Eu)
N(Eu)
(3)
In the Sun, the elemental abundance of Sm consists of s- and r-
process isotope contributions, with Sm isotopic fraction f152+154
for pure s- and r-processes of 0.21 and 0.64, respectively (Arlan-
dini et al. 1999). In HD 175305, the measured Sm isotopic frac-
tion f152+154 = 0.51+0.08−0.08 (Reoderer et al. 2008) doesn’t sug-
gest a pure r-process origin. The calculated Sm isotopic fraction
is f152+154 = 0.582+0.000−0.003 . In Figure 2, we summarize the Nd,
Sm and Eu isotopic fractions and the difference between values for
pure s- and r-processes. The dash dotted lines are the predicted iso-
topic fraction of Nd, Sm and Eu, and then the dotted and dashed
lines show the isotopic fractions of Nd, Sm and Eu for pure s- and
r-processes, respectively. The observed isotopic fractions of Nd,
Sm and Eu are marked by black filled squares. The figure shows
that the model predictions for isotopic fractions of Nd, Sm and Eu
are in good agreement with the observed data for HD 175305 too.
Our calculations agree well with not only abundances of neutron-
capture elements, but also isotopic fractions, especially the Sm iso-
topic fraction measured from the line at 4604.17 A˚. The results
mean that most of the neutron-capture elements are synthesized
by a combination of the s- and r-processes in this metal-poor star,
while the contributions from the s-process is not negligible at all,
especially for Ba. Unfortunately, the Nd isotopic wavelength splits
are simply too small for the lines that were available so that very
large error bars attend the f142+144 estimates, as shown in Figure
1a. The Nd isotopic fraction, f142+144 = 0.440 derived from our
calculation is not suggestive of an pure r-process origin. Our Eu iso-
topic fraction, f151 = 0.476 is shown to be a reasonable match for
the measurements derived from only the 4129 A˚, which is in good
agreement with the solar photospheric ratio 0.50± 0.07 (Lawler et
al. 2001) and the precise Eu meteoritic ratio of f151 = 0.478 (Lod-
ders 2003).
We also discuss the dependence of the calculated abundances
logε(Ba) and logε(Eu) on the component coefficients and uncer-
tainty of the parameters. In the parametric model, Ba, La and Ce,
which are produced dominantly by s-process in the solar system,
are at the same degree of rank/standing. Because logε(Ba) is more
sensitive to the s-process component coefficient C3 among three
elements (i.e., Ba, La and Ce), we choose Ba as the representa-
tive element. Figures 3 and 4 show the calculated logε(Ba) and
logε(Eu), as a function of the the r-process component coefficient
C1 in a model with a fixed C3 = 1.134 and as a function of the
main s-process component coefficient C3 with a fixed C1 = 3.220,
respectively. These are compared with the observed abundances
from HD 175305. There is only one region of C1 in Figure 3,
C1 = 3.220
+0.003
−0.001(1σ), in which both the observed abundances
logε(Ba) and logε(Eu) can be accounted for within the error limits.
c© 2009 RAS, MNRAS 000, 1–6
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Figure 1. Comparison of the observed (Fulbright 2000, Cowan et al. 2005, Lawler et al. 2007) heavy neutron-capture elemental abundances for HD 175305
with the elemental abundances calculated by this model. The black filled circles with appropriate error bars denote the observed element abundances and the
solid lines represent predictions. The two dotted lines are the upper limits and lower limits of the model calculations, respectively.
The bottom panel in Figure 3 displays the χ2 value calculated in our
model, and there is a minimum, with χ2 = 0.774, at C1 = 3.220
with a 1σ bar. It is clear from Figure 3 that logε(Eu) is very sensi-
tive to the r-process component coefficient C1. From Figure 4 we
can see that the abundance logε(Eu) is insensitive to C3 and allows
for a wider range 0 < C3 < 1.196 while logε(Ba) is sensitive to
C3, 1.133 < C3 < 3.282. There is only one region ofC3 in Figure
4, C3 = 1.134+0.062−0.001 (1σ), in which both the observed abundances
logε(Ba) and logε(Eu) can be accounted for within the error limits.
It is interesting to investigate the component coefficients of
pure r-process stars. The abundances in pure r-process star can be
fit well by the solar-system r-only values (Z > 56) (Sneden et al.
2008). This means that our model can be used to pure r-process
stars. As an example, for pure r-process star CS 22892-052, the
component coefficient of r-process is about C1 ∼ 45 and the com-
ponent coefficient of s-process is about C3 ∼ 0, which is consistent
with the meaning of pure r-process star.
4 CONCLUSIONS
We have studied the neutron-capture element abundances of HD
175305 in parametric model which includes the mixing of s- and
r-processes. The component coefficients C1 and C3 contain some
important information for the chemical evolution of the Galaxy. We
find from our results that the relative contribution from the individ-
ual neutron-capture process to the heavy element abundances in
HD 175305 are not similar to that in the solar system. C1 = 3.220
means that, except for the effect of metallicity, the contributions
from the r-process to the heavy element abundances in this star is
larger than that in the solar system. Moreover, C1 > C3 means that
the productions of the main r-process are more remarkable than
those of the main s-process in the star. The trends of the r-process
and the main s-process productions in the early galaxy are obvi-
ously different. According to the theory of stellar evolution, the r-
process nuclei are produced during the stage of massive supernova
explosions, which can be synthesized in significant amounts in the
early Galaxy, therefore the r-process contributions to the heavy el-
ements are dominant at low metallicities. In contrast, the main s-
process occurs during the phase of thermal pulsation in intermedi-
ate and low mass AGB stars, and the production of the s-process
elements needs Fe-seed source, so its contributions to the heavy el-
ements are very small in the early Galaxy. Thus, the present study is
confined to [Fe/H ] ∼ −1.6 where AGB stars would contribute in
small amounts to the interstellar medium, which are consistent with
the theory of galactic chemical evolution (Travaglio et al.1999).
We have also calculated isotopic fractions of Eu, Sm, and
Nd in the metal-poor star HD 175305. The isotopic fractions in
HD 175305 are interpreted by isotopic mixes for pure s- and r-
processes. In HD 175305, our Sm isotopic fraction f152+154 =
c© 2009 RAS, MNRAS 000, 1–6
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Figure 2. Comparison of the isotopic fraction with predicted isotopic abundances. A summary of measurements the isotopic fraction is indicated for three
species. The isotopic fractions of Nd, Sm, and Eu as measured quantitatively in HD175305, after Roederer et al. 2008. Squares represent measurements in
HD 175305 and the dash dotted lines represent predictions, while the dotted line and dashed lines in each panel represent the pure-s and pure-r-process,
respectively, given by Arlandini et al. (1999).
0.582+0.000
−0.003 , which is consistent with the measurements from the
4424 A˚, 4604 A˚and 4719 A˚lines, suggests that even though the
r-process is dominantly responsible for synthesis of the neutron-
capture element in early galaxy, the onset of the s-process has al-
ready occurred at this metallicity of [Fe/H ] = −1.6. C3 = 1.134
means that, except for the effect of metallicity, the contributions
from the main s-process to the heavy element abundances in this
star have reach solar system values. The isotopic abundance frac-
tions, derived from the our model, are in excellent agreement with
the observed values, which means that the results have extended the
agreement to the isotopic level.
Recent isotopic determinations of heavy neutron-capture ele-
ments in metal-poor stars have yielded new insights on the roles
of the r- and s- processes nucleosynthesis in the early galaxy. The
star HD 175305 is a metal-poor star that has observed isotopic
fractions of the neutron-capture elements. The neutron-capture el-
emental abundance pattern and isotopic fraction of this star can
be explained by a star formed in a molecular cloud that had been
polluted by both s- and r-process material. Overall the number of
stars with measured neutron-capture isotopic fractions is still small.
To underpin these studies, accurate abundance analysis for similar
metal-poor stars are required. Obviously, it is needed that a more
precise knowledge of the neutron-capture isotopic composition of
these stars. Further isotopic studies of these stars will reveal the
characteristics of the s- and r-processes at low metallicity, such as
stellar nucleosynthesis and the history of enrichment of neutron-
capture elements in the early galaxy.
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Figure 4. Same as those in Fig. 3, but as a function of the C3.
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